Numerous studies have shown that densely developed and populated urban areas experience significant anthropogenic heat flux and elevated concentrations of air pollutants and CO 2 , with consequences for human health, thermal comfort, and well-being. This may also affect the atmospheric composition and circulation patterns within the urban boundary layer, with consequences for local, regional, and global climate. One of the resulting local implications is the increase in urban air temperature. In this context, the present contribution explores urban fabric development and mitigation strategies for two locations in the city of Vienna, Austria. Toward this end, the potential of specific planning and mitigation strategies regarding urban overheating was assessed using a state-of-the-art CFD-based (computational fluid dynamics) numeric simulation environment. The results display different levels of effectiveness for selected design and mitigation measures under a wide range of boundary conditions.
Introduction

Background
Current projections foresee a vast expansion of global urban population by 2050, with an increase from 60% of the global population living in urban settings in 2030 to 66% by 2050 [1] [2] [3] . This development is accompanied by the dynamic growth of cities and its implications in terms of environmental degradation, given the fact that cities and their inhabitants are major contributors to waste heat and CO 2 emissions [4, 5] . Numerous studies have shown that densely developed and populated urban areas show significant anthropogenic heat flux [6] [7] [8] [9] [10] . This is in part due to the unbalanced integration of urban infrastructure into the urban fabric, namely the transportation network, and multiple systems for heating, cooling, ventilation, and air-conditioning of buildings. Dong et al. (2017) noted that relatively high values of anthropogenic heat flux may be found in large cities of eastern Asia, south and southeastern Asia, Eastern Europe, and the US. A majority of these cities are known to accommodate a dense population that consumes large amounts of energy and requires extensive transportation networks to accommodate cities' emerging needs. The highest value of anthropogenic heat flux (of 493 Wm -2 ) was recorded within the Hong Kong metropolitan area for the year 2013, for an individual cell of a global model with a spatial resolution of 30 arc-seconds (1 km) and a temporal resolution of 1 h. Further environmental problems associated with higher anthropogenic heat emissions are the elevated concentrations of air pollutants and atmospheric CO 2 , which have immediate consequences for human health, thermal comfort, and well-being [11, 12] . Such large concentrations of air pollutants and CO 2 substantially influence air quality, and are found
•
First, high-resolution data streams across distinct urban and non-urban locations were obtained, structured, and analyzed. This facilitated the investigation of the microclimatic diversity across these locations. Additionally, this allowed for the identification of essential features of the built Climate 2018, 6, 7 3 of 13 environment that are hypothesized to influence the extent of stored heat in the physical mass of the city.
• Subsequently, we investigated the potential of specific mitigation strategies to remedy the negative phenomena associated with urban overheating. For this purpose, three mitigation strategies were considered for the targeted high-density urban area: (i) planting trees, (ii) greening of the roofs, (iii) combination of both measures. These measures were selected based on their potential as a viable mitigation strategy that can be conveniently integrated into the existing urban fabric, their potential for generating both short-and long-term mitigation effects in urban areas, and their compatibility with local climatic conditions. To facilitate the environmental impact assessment of these measures, comprehensive simulations were carried out using the state-of-the-art CFD-based numeric simulation environment ENVI-met [35] .
• Additionally, we investigated the microclimatic consequences of a proposed urban development in an existing abandoned industrial site using the same numeric simulation environment.
Methodology
Microclimate Development in Vienna
As stated at the outset, higher anthropogenic heat emissions, resulting from rapidly increasing urban population and emerging energy needs, may influence the atmospheric composition and circulation patterns within the urban boundary layer. In turn, this may have potential consequences for local climate, specifically for elevated ambient air temperature. To illustrate this development, we conducted a comprehensive microclimatic investigation of a number of distinct low-density and high-density urban and non-urban (outside the metropolitan area) segments within the city of Vienna (see Figure 1 and Table 1 ). In our previous research efforts, we developed advanced Python-based spatial algorithms implemented in a GIS environment to derive a set of morphological and physical parameters for these locations, for a spatial dimension of 400 m, as described in [36] [37] [38] [39] [40] [41] and seen in Table 1 .
In order to investigate the microclimatic behavior of selected urban and non-urban locations, we obtained hourly-based meteorological information pertaining to air temperature, wind speed, solar radiation, and precipitation from five weather stations centrally positioned within these areas. These stations are operated by the Central Institution for Meteorology and Geodynamics (Zentralanstalt für Meteorologie und Geodynamik, ZAMG) [42] . These stations provide continuous data at frequent intervals, where reliability of meteorological observations is assured via a thorough quality control using the QualiMET system and according to the WMO guidelines [43] . Additionally, the correction of the hourly-based data is performed using GEKIS (Geografisches Klimainformationssystem-Geographic Climate Information System). With approximately 250 semi-automatic weather stations (Teil Automatisches Wetter Erfassungs System-TAWES) spatially distributed throughout Austria, the coverage of the ZAMG network is rather extensive, with denser networks in populated areas [42] .
The acquired meteorological information was further processed into four hourly-based reference days, representing typical weather conditions of each season for the year 2012. Thereby, the hourly data on air temperature and wind speed was averaged over a continuous three-week period identified for each meteorological season. These representative periods were characterized by a stable air mass free of excessive changes in pressure and airflow velocity (less than 3 m·s −1 ), with little or no precipitation, thus allowing us to investigate micro-level changes in urban climate. It should be noted that the data selection process was performed for the area of the highest urban density (IS). Subsequently, the same time frame was applied for other areas. In order to compare wind speed readings taken from different heights, as seen in Table 1 , we used the Hellmann exponential law to estimate the wind speed at street level (1.1 m above ground) [44] : [45] . 2 Qf denotes the mean annual heat flux density from fuel combustion and human activity. More detailed information regarding the concerned parameters can be found in [37] .
Strategies for Development and Improvement of the Urban Fabric
Current transformations of the physical environment, such as the increased building density, abundance of sealed surfaces, and reduced vegetation fraction lead to, among other things, significant heat storage in the urban fabric (i.e., building surfaces, pavements, and roads). As such, the study of strategies for improvement of the urban fabric holds great potential, with important sustainability implications. However, these strategies may prove effective only if a comprehensive body of scientific knowledge and expertise supports their realization.
As a contribution to the ongoing research efforts in this direction, we focus on a comprehensive environmental impact assessment of a number of mitigation and urban development strategies using a numerical model, ENVI-met version 4.0 [35] . ENVI-met is a 3-dimensional non-hydrostatic model 
As a contribution to the ongoing research efforts in this direction, we focus on a comprehensive environmental impact assessment of a number of mitigation and urban development strategies using a numerical model, ENVI-met version 4.0 [35] . ENVI-met is a 3-dimensional non-hydrostatic model specifically tailored for the simulation of surface-plant-air interactions within urban environments. The capabilities of this tool to facilitate the assessment of complex and non-linear interactions between the surrounding urban fabric and local climatic context have been broadly documented by the scientific community [46] [47] [48] . However, as with other areas of applied numerical modelling, certain issues related to the reliability of the model must be addressed. Thereby, in our previous research efforts we have documented the model calibration potential toward improved performance, as described in [49] .
Three mitigation strategies were considered for the targeted area IS: (i) planting trees, (ii) greening of the roofs, (iii) combination of both measures ( Figure 2 ). This area was selected as it is the most developed part of the city with high traffic intensity, hence it has a tendency toward higher urban overheating. For the trees, we considered deciduous trees of an average height of 13 m, C3-type, with an average albedo value of 0.2, average crown width of 9 m, and a LAD (Leaf Area Density) ranging from 0.5 to 2. More specifically, C3-type plants are referred to as the temperate or cool-season plants that are most efficient at photosynthesis in cool, wet climates [50] . Some examples include evergreen trees, deciduous trees and weed-like plants. For the green roofs we considered semi-intensive systems of an average vegetation height of 0.18 m, C3-type, and with an albedo value of 0.2. Four sets of simulation runs were conducted for a base case and for each scenario using the previously derived hourly-based seasonal reference days as boundary conditions. The input model assumptions are presented in Table 2 . The possibility of user-defined diurnal variations of atmospheric boundary conditions (hourly forcing) offered in ENVI-met version 4.0 was used.
Once the high-resolution modelling output was generated, the sensitivity of ambient outdoor air temperature (sampled from the height of 1.8 m above the ground) to various mitigation strategies was investigated. For this purpose, the concept of Cumulative Temperature Decrease (CTD) [38] was used as the thermal performance indicator. CTD (Kh) denotes the sum of the hourly differences between the air temperature of a base case (θ B,i ) and respective mitigation scenarios (θ M,i ) over a specific period of time (e.g., over a day), whereby only positive differences (θ B,i > θ M,i ) were considered:
In order to investigate the temporal scale of the potential thermal benefits of each mitigation strategy, CTD values were further represented for nighttime (the period between the sunset and sunrise) and daytime (the period between sunrise and the sunset). The variation in daylight hours was adopted from the annual sun path diagram for the city of Vienna and rounded to the whole hour, as seen in Table 3 [51] .
Additionally, we investigated the implications of a new large-scale design and renovation proposal for a local microclimate. The study area, called Nordbahnhof, represents an abandoned industrial site, currently a brownfield, located on the periphery of the urban center of the city of Vienna. The area is targeted for new urban redevelopment, specifically the construction of a new residential complex with a building height in the range of 10 to 70 m ( Figure 3 ). The meteorological information for this area was provided by the Municipal Department of Environmental Protection in Vienna, MA22 [52] . The MA22 network comprises 17 monitoring weather stations distributed throughout the metropolitan area of the city of Vienna. These stations are calibrated following the ÖNORM standards (national standards published by the Austrian Standards Institute). Monitoring data storage and quality check procedures are based on ON/EN/ISO standards, which are recognized by WMO. The same input model assumptions as presented in Table 2 , were applied for this case, except of the initial temperature at the upper soil layer, which was recalculated. For the parameters not listed in Table 2 , default system settings were used. For the parameters not listed in Table 2 , default system settings were used. Figure 4 illustrates the ambient air temperature and wind speed for the winter and summer reference days for the selected locations. These results demonstrate significant variation in the distribution of observed meteorological parameters across time (season) and space (location). Generally, the central urban area (IS) had the smallest diurnal temperature range, with the highest daily maximum, median, and minimum values, for both winter and summer periods. The highest minimum value demonstrates the reduced nighttime cooling potential of densely developed urban areas. Moreover, looking at the inter-quartile range (IQR) for location IS for the summer period, the median is shifted toward the lower quartile with a wider spread of individual observations in the upper quartile compared to the clustering of observations in the lower quartile. This implies a somewhat larger tendency toward extreme values for higher temperatures.
Results and Discussion
The wind speed data shows a substantial decrease in airflow in location IS for both seasons. Although this may be considered positive in cold seasons (e.g., lower building heating demands, higher outdoor thermal comfort), it may have a negative impact in summer due to urban overheating. These results underline the significant potential of mitigation measures specifically in the IS location. Figure 5 illustrates, for area IS, the mean hourly air temperature difference between the base case and three mitigation scenarios in the course of seasonal reference days. Figure 6 illustrates the computed daytime and nighttime CTD values of the envisioned mitigation strategies over four seasons. The results point to the different levels of impact of selected mitigation measures under a wide range of boundary weather conditions. In general, the consideration of trees prove to be quite beneficial for the improvement of thermal conditions in the urban canyon, especially during the summer period. The degree of improvement over day-and nighttime periods appears to be, however, dependent on the season. Higher daytime air temperature reductions (∆q) and CTD values were observed during warmer months, while the opposite was true for colder months. This occurrence may be explained, on one hand, by the overall higher solar gain and resulting increased effect of radiation shielding by trees during the summer period, thus pointing to the valuable role of tree Figure 4 illustrates the ambient air temperature and wind speed for the winter and summer reference days for the selected locations. These results demonstrate significant variation in the distribution of observed meteorological parameters across time (season) and space (location). Generally, the central urban area (IS) had the smallest diurnal temperature range, with the highest daily maximum, median, and minimum values, for both winter and summer periods. The highest minimum value demonstrates the reduced nighttime cooling potential of densely developed urban areas. Moreover, looking at the inter-quartile range (IQR) for location IS for the summer period, the median is shifted toward the lower quartile with a wider spread of individual observations in the upper quartile compared to the clustering of observations in the lower quartile. This implies a somewhat larger tendency toward extreme values for higher temperatures.
The wind speed data shows a substantial decrease in airflow in location IS for both seasons. Although this may be considered positive in cold seasons (e.g., lower building heating demands, higher outdoor thermal comfort), it may have a negative impact in summer due to urban overheating. These results underline the significant potential of mitigation measures specifically in the IS location. Figure 5 illustrates, for area IS, the mean hourly air temperature difference between the base case and three mitigation scenarios in the course of seasonal reference days. Figure 6 illustrates the computed daytime and nighttime CTD values of the envisioned mitigation strategies over four seasons. The results point to the different levels of impact of selected mitigation measures under a wide range of boundary weather conditions. In general, the consideration of trees prove to be quite beneficial for the improvement of thermal conditions in the urban canyon, especially during the summer period. The degree of improvement over day-and nighttime periods appears to be, however, dependent on the season. Higher daytime air temperature reductions (∆q) and CTD values were observed during warmer months, while the opposite was true for colder months. This occurrence may be explained, on one hand, by the overall higher solar gain and resulting increased effect of radiation shielding by trees during the summer period, thus pointing to the valuable role of tree shade. On the other hand, deciduous trees provide significantly less shade in the colder months due to the loss of leaves, allowing solar access to horizontal and vertical surfaces (mainly pavements, roads, and building walls), thus maximizing the absorption of heat from solar radiation. This in turn may have important positive consequences for building heating demands. Higher ∆q and CTD values were also observed during the nighttime, for both colder and warmer months. As the overall solar gain was reduced during the day due to the shading effect of the trees, there was substantially less heat absorbed in the urban fabric, thus making the temperature difference from the base case larger. shade. On the other hand, deciduous trees provide significantly less shade in the colder months due to the loss of leaves, allowing solar access to horizontal and vertical surfaces (mainly pavements, roads, and building walls), thus maximizing the absorption of heat from solar radiation. This in turn may have important positive consequences for building heating demands. Higher ∆q and CTD values were also observed during the nighttime, for both colder and warmer months. As the overall solar gain was reduced during the day due to the shading effect of the trees, there was substantially less heat absorbed in the urban fabric, thus making the temperature difference from the base case larger. The implementation of green roofs appears to have little or no effect on the thermal conditions within the urban canyon. This may be attributed to the relatively high elevation of vegetative elements, thus limiting the effect on data sampled from the street level. Green roofs are generally more important for their effect on the boundary layer conditions due to the overall lower storage heat flux than in conventional roof constructions. This, in turn, leads to less energy available for release back into the atmosphere and results in cooler air masses above the roof surface. This circumstance is specifically relevant for reductions of near-surface and surface roof temperatures. Additionally, green roofs provide better roof insulation, with a significant impact on a building's energy use.
As it could be expected, the results suggest that, in the case of the study area in Vienna, a combination of the two measures had the largest positive effect on urban overheating. It can thus be concluded that the concurrent deployment of multiple intervention measures whose mitigation mechanisms vary in temporal scale and magnitude may amplify the discrete effects of a single measure. The implementation of green roofs appears to have little or no effect on the thermal conditions within the urban canyon. This may be attributed to the relatively high elevation of vegetative elements, thus limiting the effect on data sampled from the street level. Green roofs are generally more important for their effect on the boundary layer conditions due to the overall lower storage heat flux than in conventional roof constructions. This, in turn, leads to less energy available for release back into the atmosphere and results in cooler air masses above the roof surface. This circumstance is specifically relevant for reductions of near-surface and surface roof temperatures. Additionally, green roofs provide better roof insulation, with a significant impact on a building's energy use.
As it could be expected, the results suggest that, in the case of the study area in Vienna, a combination of the two measures had the largest positive effect on urban overheating. It can thus be concluded that the concurrent deployment of multiple intervention measures whose mitigation mechanisms vary in temporal scale and magnitude may amplify the discrete effects of a single measure. Lastly, we investigated the resulting climatic effect of distinct transformations of the urban landscape. The computed daytime and nighttime seasonal CTD values for the Nordbahnhof area are presented in Table 4 . Figure 7 illustrates the mean seasonal hourly air temperature of the base case (brownfield) and the development scenario for the Nordbahnhof area. The results point to a varying effect on the thermal environment across both the day-night cycle and the season. Namely, a diurnal cooling effect may be observed during warmer months (up to 1.6 K). This is in part due to the Lastly, we investigated the resulting climatic effect of distinct transformations of the urban landscape. The computed daytime and nighttime seasonal CTD values for the Nordbahnhof area are presented in Table 4 . Figure 7 illustrates the mean seasonal hourly air temperature of the base case (brownfield) and the development scenario for the Nordbahnhof area. The results point to a varying effect on the thermal environment across both the day-night cycle and the season. Namely, a diurnal cooling effect may be observed during warmer months (up to 1.6 K). This is in part due to the Lastly, we investigated the resulting climatic effect of distinct transformations of the urban landscape. The computed daytime and nighttime seasonal CTD values for the Nordbahnhof area are presented in Table 4 . Figure 7 illustrates the mean seasonal hourly air temperature of the base case (brownfield) and the development scenario for the Nordbahnhof area. The results point to a varying effect on the thermal environment across both the day-night cycle and the season. Namely, a diurnal cooling effect may be observed during warmer months (up to 1.6 K). This is in part due to the shadowing effect caused by new tall buildings, limiting the incidence of direct solar radiation on the neighboring buildings and the ground surface. Consequently, less heat was stored in the physical mass of built structures and eventually re-emitted back into the environment, leading to cooler local surroundings. However, as this might be seen as an opportunity to increase the shade in summer, during the winter it might affect the insolation potential of the area. shadowing effect caused by new tall buildings, limiting the incidence of direct solar radiation on the neighboring buildings and the ground surface. Consequently, less heat was stored in the physical mass of built structures and eventually re-emitted back into the environment, leading to cooler local surroundings. However, as this might be seen as an opportunity to increase the shade in summer, during the winter it might affect the insolation potential of the area. Additionally, a nocturnal heating effect was observed for each season, ranging from 0.7 to 1.3 K. This is to be expected due to the higher fraction of built surfaces with high thermal admittance and, therefore, the higher thermal mass of the area compared to the base case. This resulted in a greater fraction of heat being stored within the urban fabric. In turn, the heat loss from within the urban canyons was hampered due to the lower sky view factor (SVF). The effect appears to be more pronounced during the colder months. This might be due to the obstructed cold winter winds by buildings and vegetation, causing a greater departure from the base case conditions. 
Conclusions
The identification of appropriate urban intervention strategies to mitigate the negative effects of urban overheating is a necessary step towards more sustainable urban environments. In this light, the first objective of our research effort was to contribute to the understanding of the very drivers behind the warming of the cities. It was concluded that areas of higher urban density and higher built surface fraction tend to store more heat during the day. Due to their dense arrangement of built Additionally, a nocturnal heating effect was observed for each season, ranging from 0.7 to 1.3 K. This is to be expected due to the higher fraction of built surfaces with high thermal admittance and, therefore, the higher thermal mass of the area compared to the base case. This resulted in a greater fraction of heat being stored within the urban fabric. In turn, the heat loss from within the urban canyons was hampered due to the lower sky view factor (SVF). The effect appears to be more pronounced during the colder months. This might be due to the obstructed cold winter winds by buildings and vegetation, causing a greater departure from the base case conditions.
The identification of appropriate urban intervention strategies to mitigate the negative effects of urban overheating is a necessary step towards more sustainable urban environments. In this light, the first objective of our research effort was to contribute to the understanding of the very drivers behind the warming of the cities. It was concluded that areas of higher urban density and higher built surface fraction tend to store more heat during the day. Due to their dense arrangement of built structures, these areas also display a substantial decrease of airflow and are thus prone to more extreme and unfavorable thermal conditions. One important aspect of our further inquiry was to investigate the potential of a number of mitigation strategies to remedy the negative effects of this process. Thereby, urban trees have been identified as a promising strategy for the improvement of thermal conditions in the urban canyon, leading to a maximum of 6 K summertime air temperature decrease due to their shading properties. Green roofs, on the other hand, had little (around 0.3 K decrease) or no effect on thermal conditions within the urban canyon. The combination of both intervention alternatives proved, in case of Vienna, to be the most effective strategy. Therefore, our results suggest that the application of multiple mitigation strategies may prove more effective if deployed concurrently, rather than in isolation.
Planting urban trees can be argued to be a relatively low-cost, easy-to-implement, and climatically efficient measure against urban overheating. The application of a vegetation layer to building envelopes, more specifically to roof surfaces, may be more financially intensive and, in practice, more difficult to implement due to the issues of private property ownership. Thus, the implementation of urban trees might be the strategy that local authorities would more readily adopt.
Lastly, we investigated the climatic response of a new urban development in an existing abandoned industrial site. The simulation results suggested a post-development diurnal cooling effect of up to 1.6 K (for the spring and summer periods) and an all-year nocturnal heating effect of up to 1.3 K. This is due to the obstructed solar access and airflow by new tall buildings and vegetation. Daytime temperature reduction can be attributed to the solar shielding effect, whereas reduced nighttime cooling potential results in higher temperatures.
There are many potential applications of the presented research and related insights. In general, the outcome of our research effort is expected to advance the local urban development concepts and techniques towards more effective planning practices. Specifically, it was shown that the consideration of climatic knowledge, and understanding the essential urban energy balance concepts can support decision making at the urban level.
